tOCOSBIX JilSOHB 



005 753" 



PflB Dili. 
XOH!ESi€!f 



/ MSCBXPIOBS 



^ Brayn, John Seely; ind-Others^ ' , ' > *f 

• tetif itrial Intelligence and Learning Strategics* " ^ 
jplt^ BdraneK an^^ Hevlian, Inc^i Castaidge^ Haas* 

• Advanced Besearcb Projects igencj {DO0>^ tashingtoa^' 
D.k.C. ; Xa?rj Personnel *Besearch and Berelopjrent Center^ 

^ San Diego, Calif - * ^ ^ ^' 

^BJB8-36"42 

Jan 77 • ' • - \, ^ 

l!Di903-76^C-0108; HOQ014-76-C-0083 

Sip- • . ; . ' . ^ 



. MF^$p*83 HC--$3*50r Plus Postage* ' . ^.c 

, *Arjbificial Intelligence? Cognitive Proqes^esi 
. • ♦ . *Co«pr€hension; Educational BesearcH; Electric 

^ s <;ircuits| ^Zeaxninq Processes; learning Iheori^j* 

. >*Problet solving; ♦Besearcbi Segudjjtial learning j 
' Short stories; Structural \analy sis - 

* , • \ Different kinds of basic knbKledge and'strategies 
^iteees^sary for troaprehension are exaained in three radic^llj different 
doxains: {1} the stories^ (2) aatheaaticaX j^robleas, and (^) 
electronic cirpuits* Frcii analyzing the coapreiienBion processes in 
these different ^om^ixnii, siifilarities have ejierged ip tHe.^ role of " ' 
planning knowledge and the strategies governing the application, of 
.that ki;^ovle^ge for Synthesizing a deep Vfcxuctur^ ^aiysis of a^ftory^ 
a aath solution^ or a circuit. Insights, gaina^ frox^'these. ' 
sij^ilarities can be applied to. the problems of teaching learning 
^sttjaLteqies to students a4d developing «i expaAded theoretical basi^ 
' for 'further ' research in learning strategies, ,(luthoi^CH?) ^ 



*4 _ / 0 ^ 



^ ' Beproductions supplied by EDBS are the best that can. b*e iadct ^ 
f - . , froi.the original dot:uient« ^ ,\ ♦ 



\to appear ia; 



Harrjr O^Heil )(Ed.^ Learning- Strategies 
N»Y.: Academic Tro.ss, 1978 



tOOCATIOM * WtL^A* J 

KATtoiaL wtsnTun OF 

^ttj^D EXACTLY A$ RECEWEO FROJ* 
giKyrtlOH POMTKJW Oa POLICY 



-4 



'o. 

A) 



ARTIFICIAL INTELLIGENCE AND LEARNING. STRATBGIES 

John Seely Brown, Allan* Collinsj ^^ar^ory Harris 

,Bolt "Beranek and Ne^ran, Inc» 
50 liouOton St., Ca^^^idge-^ -41ass. - ^-r* 




June 1977 



Aclyidvledgeiaent 

We are ind 
ts draft 1 
resemblance to 
Bob ,Donaghey, 
jthis' paper . 

This resea 
Agency, Air. Fo 
for the Behavio 
aj^ .FeVQlopnent 
^Personnel and 
Division, Offic 
Agency^ under 



ebt^d to D.r * Harry 0 'Nell whose suggest ion 
ed lis to such a major revision that, it n<^w be 
it* ^ We would als^ like to thank Majrilyn Jag 
and Ned Benhaim fbr their suggjastlojis aiid ass 

rcJi ras supported by the Advanced ' Rl^search 
rce Human Resources Laboratory , Army Reseaspch 
ral 'aiid Social Sciences, and Navy PegrsonnAl 
CenteV, under Contract No. MDA903-76-C-0^08 
Training Research Programs^ ^ PsycJhologlcal 
e of Na|val Research and the Adv.anced Research 
Co'ntratt Ho. NQ0014-76-C-0083 , Co^itract 



.n/. 



s on/ . ouf 
ars little 
er Adams, 
istahce on 

Projects 
Institute 
Rasear^rh 
and* by tb6 
Sciences 
Proj ects 
Authority 



SeCURSTY (^SSirtQATtOH OF THIS PACE (Whm 0mm Entt*^ 



2 



REPORT DOCUMENTATION PAGE, 



READ mSTRUCnOHS / 
BEFORE COMPLETING FORM 




17 K^i^OItT NUUBER 

B9?I Report #3642 



2. GOVT ACCESSION MO. 



X REQPIEHTS CATALOG NUMBER 



T1TL& SubUUm) 



Mn^CIAL XNTELLIGHTCE AKI> LE6ENING STRATEGICS, 



S. TYPE OF REPORT ^ f ERIOO COVERED 



Technical Report 



e. PERF0Mi|l4G ORG. REPORT NUMBER 



7. AUTHOR^«; 



John Seely Srown, Allan Collins, Gregory Harris 



CONTRACT OR OR ANT KUUBERfVi 

MDA903--76-^-0108 . S ' 
N00014-76-C-0083 



9. frERFORUiNC ORGAHIZATIOH NAME AND ADDRESS 

Bolt Beranek anS Newman, Inc, 

50 Moxxlton Street* m 

Caiabridge, Massachusetts 02138 



»0/ PROGRAM ELEUEKT, PROJECT. TASK 
>irEA & VORIC UNIT NUMBERS 



ti. CONTROLLING OFFICE NAJfE AND AJDDRESS 

Defense Advanced Research Projei::ts Agency 
1400 Wilson > Boulevard 
Arlingt on, V irginia 22209 



12 REPORT DATE 



13. NUMBER OF P^GE^ 



axxington. virgxnia zzzuy ^ 

iL UOtitTOmNG AGEHCr IfAME & AODRESSTi/ ^tfwTwiX it^ Contr^Ung Omc»j 

Navy. Personnel Rcs^arbh and ;D^vTslops(ent Center , 
San Diego, California ' ^92136 



15. SECURITV'CLASS <ol thtm tvpoff) 

Unclassified 



IS^ OECLASSlFfCATlOH OOWORAOINC 
SCHEDULE 



tS- WSTRiaUTION STATEMENT fot tfU* Rwport) 



IT. OlSTRJBuTIOK STATEMENT <ol thr mibttta>ct wrxtrr^a M Stock 70. U ^tlmot froe» R9p9*t} 

• ft 

Approved for publie release; distribution unlimited^ 



tS- SUPPLEMENTARY NOTES 

.This research was suppor^ed^ in part by the Def^^e Advanced Research Projects 
Agency, Air Force Human Resources Laboratory, Army Research Institute for the 
Behavioral and Social Sciences, Navy Personnel Research and ^Jevelopaent 
Center, and the. Of f ice ol Naval Research, 



If. KEY WORDS (Continue on rcrtt$» tttSo il n*c99*ffr and iOmtiir tr htock mmbtf) ^ 

Lemming Strategies, Artificial .-Intelligence, Planning Knowledge, Deep 
Structure Trace, Top-down and bottom-up processing, learning, comprehension.^ 



20. Abstract (CoatUnf <« t*r*f *W» nmc^tmtj mrf iiSmHir ^ Wo€* ntM»h^) 

In^iis paptg we examine ^!^e different kinds of knowledge and strategies 
necessary "understanding" in three radically different domains ~ ^namely 
-Stories, solutions xo mathematical problems, -"and elep^onic circuits. From 
analyzing the understanding process in these different domains, some 
surprl^sing feimilaritif s have emerged concerning thd^role of planning 
knowledge and the stx^ategies 'governing *the applicatibd" of that knowledge for 



synthesizing. a deep structure analysis of a story, a^th solutim, or a 



DD ,52^7, 1473. 



edition of 1 NOV 65 ft OBSOLETE 



tkcumrrcLnuriCATioHCF THIS pAatprhmDjt*Emt»t*4y » ■ * # 

clri^it. .Insights gain^ frcna tXese siiailarities are applied to the problea 
of t^chlng learning strategic to students* atid of developing an expanded 
theorpt4cai ibasis for further 'research in learning strategies. 




ttcurnvt CLAiwrrcATiOM tsrrHitPAGtarhm dm* tt%t$t*^ 



ABSTRACT 



, In, this paper we examine the diff*erent kinds of knowledge - and 
strat^ies necessary for ''underrs tanding" in three r-adically different 
domains — namely stpries, solutions to mathematical problems^ and 
electronic circuits* From analyzing • tfie understanding process in 
these different domains, *some surprising" similarities have eiaexged 
concerni-ng fhe role of planning knowledge and the strategies* governing 
the application of that knowledge for syn th^sizifig a 4»^ep structure 
analysis, of a story, a^^math solution, or £ circjiiit. Insights gained 
from iheSe similarities are applied td the problem of' te'acfii'ng 
'learrning strategies to • student? and of ^ developing an expanded 
• itheoret ica\ basis for further research in learning strategies. 
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. Artificia l Inteyiigence and Learndrtg Strategies 
John^ Seely' Brown , illan , Collins, Gregory Harries 



/ 



HfTRODUCTION 



The field of .artificial int ell igeTiOjg grew out of the attempt in 

t4ie latB 1950 's to build computer programs that could carry out tasks* 

requiring hUQ^n intelligence. The goal wa^ to build machines that 

pou-ld understand language, recognize 'objects in scenes, 'act as. 

* •* ^ * 

int-eiiigent robots, solve ffroblems, play games siich as chess, t.each 
students about different subjects, etc. Xhese probiems have^ not been 
/ospletdly 'solved, but there has been a steady .accusulat ion ^of tobls 

md techniques in artj.ficial intelligence, such that the programs 

J" \ 

^designed to carry out these tasks have become more and sore 
/.-sophisticated ('Bobrow and ^CoLlins , 1975; Schank" ^and Abelson, ^1977S 
Winston, 1977).. . - / . * 

In order to build these programs, artificial * int ell igemje has* 
.developed a variety of formal isss t'hat'in tuf*n provide a new basis for 
analyz^ing cognitive processes. The^e formalisms are used, to express 
structural and procedural SQcJianisss and ^theories about human 
prpblem-soZving , planning, representing knowledge, |arrd understanding 
texlt-.jby ; computers. Our belief ^s that the cognitive and artificial^ 
,intelligenpe theories expressible^:^ these formalisms'* " 'cai\ begin to ' 
provide a domain- independent , theoretical founda.tion for researgh in 
le^arning strategies. *• * ^ ; 

' With the development of these formalisms,* there haa been, renewed 
interest in what it' means exactly to "under'stand^ a piece of text, a. 
s.et'of instructions, a'problem solution, a complex *system , etc, Ihis- 
.has rep'eatedly. led' to the realization that "understanding" requires 
» different kinds, of knowledge not explicitly referred to JLn 'the text or 
problem, solution, as well as stratetf ies for governing how this 
^^plicit kn^owledge should, be used in ^synthesizing a .g.try<?t ypal lOQdgl 
of the meai^ing of the* te;c^t or problem solution. This' model, which we 
call a deep structure trace , is a complex hypothesis about' the plans 
and goals of the characters in the te"xt or the person who solved the 
I)robl.em. 
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The - intent of this paper isrto^xploi^ the role, of the different 
|:ind^ of knowljSLdge needed in the understanding process and to. examine 
those insights ■ w'e have gaJ.ne4 aBout learning strategies through the 
recQgnitidn of the tremendous amount of tacit knowledge trbat must be 
exploited "by student s as they 'try to understand something. This is 
especially relevant for 'learnig^ strategies because in analyzing 
coaprehension tasks in* a variety of divergent knowledge domains, we 
have begun to see - some^ sxirprisin:g siailaVitdes in 'the kinds of 
strategies and knowledge used itf the§e different domains* This"" 
suggests tha't 'there may be general learning- strategies th^t will 
enhance a student* s comprehension * abilities *over- a *wide' j?anjge of 
content areas. Rigney ^^76) has claimed ,that "The ^approach to 
teachj.n^\ Btqdents cognitive strategies has been through content-based, 
inst^ction and* maybe, that is wrong and sbpuld be reversed; J. . e ♦ , 
cojstent ' independ^ent instruction." Ha_re'ly has" anypne tried, to make 
explicit or formalize the different k-inds of strategies and knowledge 
needed for "understanding" sos^thing in even " one content area — let 
alone in different on^s. Perhaps that, "is why we have not seen 
powerful generality along - the learning strategies dimension from 
•con'tent-based instruction. ... * ^ ^ 

One goal pf learning strategies crurriculum* sight justifiably be 
to first teach the student ail of^the abstract , tacit ^knowledge an<J 
sjtrategi^s that underlie probl^ ^plving and '"understanding" for a 
particular cont ent . Srea , and then later to show him the generality of 
these .'Strategies across conte^it ar^ea3 . ' Alternatively, a curriculum] 
sight' teach the knowledge and strategies in a content-independLent 
form, and then show how they apply to iiifferent content areas. Either 
approach' wouJ.d help the studejit to more »readily . acquire an 
unders^aading or that particular domain of knowledge. By transferring 
these skills, It would' also have a signif icant . effect 'in his ability 
to acquire other quite separate domains of koowledge. ;^ 

It« has been sometimes suspected • that presenting a -topic - to 
students, in the clearest way can be counterproductive l-n the* long r.un, 
since they do'nc^t^hav^ tc.istruggle with understanding t^« concept, and 
wallc away expecting that real' wOTld 'situation-s* will vSlw^ys.bi crisp, 
cTear, and ^eaay grasp.- At first glance, tiris woul-d seem y to argue 
against . articulating the tacit knowledge involved in understanding a 



concept hr performing a task, since it might make ^und*erst anding" too 
easy ax|d conjpartmental . However,' it is^ precisely *this lack of 
attention to tacit* knowledge th-at v often. causes "optimal" 
preseirtat ion? of ^"^ CQricept to , have this effe^ct. If a concept is 
e^fplained, without explicit reference to the complex - processe^s 
necessary for- understanding it, then the student will n9t be ahle to 
reconstrurct Vhe process himself. However i'f a concept' is presented^ 
by showing how to 'successively' refine onQ*s uni/eitstarrtling of* t.he 

'concept (dr, iaore metaphorically ,how to experiment witSh the*" concept 
in ordeV to ^debug" one's oWn understanding of it>,^ such a 
presentation will not be' 'count erproductive . / ' 

^Before proceeding, let us' restate our premises from a s^igiitly 
different point of view. . We beiieve that (1) by explicating the 
underlying domain-independent , cognitive pr^desses, strategies, and 

• knowledge that ^ a student must^use*to^ "under*st and" a new situation,^ 

text, set af instructions, solutiohs to a problem, etc. and (2) by 

finding ways to teach him a, general .Q*^reness of these 'processes along 

with som^ learning strategies baspd on those prcTcessejS we can provide 

bis with a fpundation for acquiring new i^cyled^e in t^e future and 

per^iap&, more importantly, di^ipiSh his fear of being confronted with 

new conceptual material that he^ cannot instantly understand. -How 

detailed th^se ^earning strategies oust be i^ order to be effective 

is, of course, an open que^ion. But simply mfiking the student aware 

of the existence of some, very simple s^trategies that are in cofvcert 

with * the cognitive processe's involved in his syathesizing an 
♦ 

"understanding" can be surpri'singly useful. For example, the , act of 
"understanding," in itself, can become less mjrsterious with the 
realization that comprehension is an active process requiring .the 
fbrp^tlon ' ankl revision of hypotheses ' about the qetning of a given 
.event or s^ituution. * ' 

In this^regard, we are ^reminded of an apocrypharl • sto,ry • of a 
teacher who gave a young student a problemSto work out. After several 
^minutes of attempting ( and* failing^ to solve it, the student asked for 
•help> and was told to ^return' to his chair and to THINK^^bout it some 
m'ore . At this point the student broke into tears, .exclaiming that 
everybody tells him to "th-ink", but he- doesn't' have the slightest idea 
of ' 4hat that^ 'means! Naturally, he felt' terribly frustrated. 



'"Thinking" was s^omething that he could , not see, feel, or^ touch. . It; 

seemed to, him ,that everyone assume^ he' knewHhe secrejt to.lhis magical 

process, , 'When' he Has told to think ab<iut something, all h^e could do 

was star^ blindly* at the,.problem an'cl panic. He\kept wondering why no 

'one would teil him the secret. Today, scho^ols are flooded with 
' ' • . . *■ * * ' . ^ 

eaperimental programs to teach • studen-ts to- think"- (a la 

problem-solving) but where a.r*e t^;iese stucj^nts bedng taught"' how to 

understand something new on* their own, let alone what it means to 

."understand"?' / ^ * ' * 

In the next three sections, ye- will, analyze the knowledge and 

strategies, underlying three radically different domainsi understanding 

storii^s, problem solving <ln mathematics, ?nd understanding, electronic 

circuits,. We will proceed by descriljing the C^ognitiye processing of .a 

person performing these * thr^e taaks in .terms' ot' -artificial 

int.eriligence cooic^pts ."yThis analysi^s is not, meant to * be definitive. 

Rather it is suggestive of a kind of analysis and concern that might 

be benefie^al to learning strategists. He will conclude the paper 

with a siisoussion of the central ideas that have emerged from studying 

the iBvariances over these disparate domains. We wil^ also specify 

the implications this analysis has * for a learning strategies 

curriculum, and suggjest some techniques -that^ might be useful in 

teaching these strategies. 



UNDERSTANDING A STORY • ' 

t We ^ill begfn with story, 'understanding , since thiff^is, the domain 
that has ^blaen analyzed most thoroughly and -because, it .is^ easier to^ 
tinderst9.nd ' the artificial^ intelligence - terminology in a familiar 
context. At* Jthe same time, we think the reader may find.it surprising 

Aow much problem^ solving' Icnowledge is involved ' in.> the comprehension of 
a stoVyl Ve have- chosen an Aesop fable called Stone Soup Hbat 

•requires a fair amount of.* problem solving to interpret\both t*he 
characters^ acj^ions and the author's itttentiojis . • " 

^ ^ Stone Soup 

^ '~ A poor man came to a large house during a storm to \eg for 

food.)-- He 'was. sent away with angry word3, but fie went, back and 

askedi^ "Hay I at least dry my clothes by the fire, as I am wet 

from the rain?" -The maid thought this, woulcl not cost anything, 

so she let him come^in. 

Inside he told the cook th^t if she would give him ^ pan, 

and iet him' fill it with water, he would make some stone, -sojup. 

Since this wae ^a new dish to the cook, she agreed 'to let him 

# - 

make it.'* The man then got a stone from the road and put it in. 

th.e pan. The coolc gave him somfe salt, peas, mint, and all the 

scraps -of meat that she could spare to' throw in. Thus the poor 

man made a* delicious Vtone soup and the cook sadd, "Hell* done! 

You have mad^e a silk purse f'rom a sow's ear." 

» * 

Surface Structure and D eep Structure Traces 

The story recounts a set of events that occurred as thee poor man 
.solved the problem of obtaining food. /This set of events is the 
surfi^ce structure trace , of thjs ^ story. They are the result of the 
man-^s problem-solving activity, . ' : 

To understand this story in, any deep ,se*nse, the reader mu'st 
(Construct an interpretation of these, events^ of the following type 
I A d a m s^ a h xf C o 1 IfFsT^TiPp^r ess): ^ ^ " ^ ^ 

1'. The poor man is. prevented from obtaining his initial '''goal , 

2. He uses a clever means 6o get part way to the initial goal. 

3. He t'hen uses an even cleverer ^m^ns to rfe^ach the initial .^oal; 



4!his undetstandi-ng of the story. i& not a. 'simple trac^ 
eyenta* in tbe^story •are linked up., but rather a' deep striacture ' trace ; 
th^t is, it is ^ot at all btjvjLous from the 'surface form of the story*. ' 
ThB^ reader jnuat reconstruct fr*6m the surface events hdtf the. poor, m^ao 
Solved the problems he .faced, in the story. 

♦ , The reader must utilize many, different types of knowledge' in 

order , to construct ^such an interpretation of Stone Soup . We w'fll try 

>to illustrate them and' theh ne ,will briefly .try to recount- hoy, a 

rskilled 'reader uses these di;fi*eren^ kinds of knowledge io understand^ 

* «. * * « ' 

the story on several different levels. ^ * 

Ba^lc World Knowledge and^Schema Theory . ^ . ^ . - ^ , - 

A large amount^ of basic, knowledge aba'ut the world is necessary 
Xo understand Stone Soup: (1) t.h>t servants work in Targe bouses of 
wealthy people, are paid with room and board and ^small . Amounts of 
money, and want to please their employers; (2) that paids clean aad 
take.^ care of the residence and play the role of buti^r if there,- is 
^none; , (3) 'that to make soup a cook Slowly heats a* base of some meat, 
bones, or veg^tabl^s plus other ingredients in water over a low . fire; 

that fables are ^sjhbrt stori.es with a moral; flesigned to explain 
people*s motivations or*actibns; ar^d (5) tjiat a moral is ^ the summary 
of ' a story structure, usually in 'terms of what a person should do in k 
given situation, and usually vin the form of a proEverb or maxim. "These 
are English descriptions of a *small,, part of ^the basic knowledge 
readers have about these concepts. • , 

i 

Schema theory (Bartlett, 1932; Hinsky^ J975; Rumelhart and 
Ortony, 1977; Winogred, 1975) provides a very general formali^-s^m for 
representing different ty-pes of knowledge, ^ including t^iie basic 
knowledge described above and the 'planning knowlejdge described below. 
One of the fundamental nQtions associated with sch^mas^^is that tliey 
have various slots for- " variables (Min,iiky, 1^75) tfC^t can be filled 
wi'th different values. For. examj)le , the -slot of tHe master can * be' 
potentially filled by any' adult and'the plkc^ 'where the .cook heats 
meals can be filled by a stove^, qve^; fireplace | eti& . Associated* with 
eaclx slot are dgf'ault^ values -, w.hich will be, a&eumed ^ if • no value is* 
sp^ifiif*. For* example, the-default value for a master is' the owner 



€he houTs'fej* and *'the default coc5^ki*ng. place is .a atove,- Thua 

'associated' with '-any slot is inform'ation a5but the.."range of values that 

patf' ' fill /that slot' .plus the mtfSt likely valyes to fill il; ^t^or . 
particul:ar,^>f>redic^able contexts. * • 

. : .1* . - _ . . ' ^ 

Mean^^pnds Analysis . - • - ^ ^ 

' * T • ' . ' » 'I * • ' / ^ ' ^ 

^*t^Me alls- ends analysis' is a ^procedural fonpalism developed by Newell 

and Stmoh. (19,65) ip the -General Problem Solver (GPS) that was de'signed 

to simulate hUm^n problem-solving. Means-en4s analysis .operatres a^ 

r<Jll6w^: If there , is * a method -to reacli a goal directly, then thaFt 

method is applied. If ' there is none,* then a'^subgoal is generated that 

reduces the ^difference Between the present stat'e and the '.goal. If 

there is a methoQ to reach the subgojal directly, ^then^ this method is 

applied? otherwise a* ;5ub-3ubgGal is /generated, etc. ,Oftea a 

potentially us'eful method cannt:>t be dir^etly applied because the 

. preTequisit es for that, method have nort been met. In this case; k new 

subg<?aX is generated that tries to, alter the. given ;5tate of affairs so^ 

'as to eliable the* application of this method.. 

In Stone Soup the man' is hungry and *ls trying 'to'^achieve the goal 

of obtaining.^ food/ First h,e applies the method of beggii^g f6r fdod 

but* fails'. Howev-er he d6es aehi,eve the prerequisite of attracting 

the attention of someone in the l>ouse. He then pursues. the subgoal of 

getting into the^^kitchen near the fire,', which reduces the difference 

between his current state and his *go-al." Then he pursues- the secon^d 

subgoal of ''getting, the cbok- to he^lp hlft make soup, --further reducing 

the difference. As Newell and Simon arg\ie , people solve problems in 

everyday life and understand the'actions of other people in terms of 

•the means-ends stra±eg.i,es described- Jiere . . *" 

Applying means-ends analys^iTs^ to a, problem-solving Isi^tuation 

^produces a tree structure of goals and subgb^ls. ^ The tree structure 

for Stone So<jp is illustrated in Figure 1. The evepts in the_ story^ 

ai^e the terpirRal nodes in the tree structure — the b^g^^ng, the' asking 

pe^mis ' sion, t h4 gplng "inslde^io lh6 tif^^^ — <itc. ' The -de^p — structure 

trace is the- structure of goals and^subgoals above the terminal fiodes. 

• iteeently several researchers ' (Handler 'and Johnson, 1977; 

Riimelhart, 1-97?, 1977) have developd .gt<?rY^ sr^qaars to specify' the 

structure of well-formed stories. These sto.ry grammars are formalisms 



' • . ■ ■ . . : Figure V - ' 'J " ' ' , . 

' - , ' y • ^ * » . * ^ * * 

Nesgted Tree Structure ofy Goals ;and Subgoals for Stone Soup 

• Gpal: Se^oae feti * ' ^ . ' * * ^ ^ --.'^ 

Subgtal^ Obtain faod ' ^ , ' ♦ • , ^ 

Method: Be^ r-> Bails ^' ^ y • iL*kt^ > 
Subgoal^Get irisidfe .^■■fct^^^ * 
. , . r Subgoal: Con maid for *permiss1^^HHr^in^ide 

, ^ Methodtjr Ask. perBission to drlHBBiself — >. Succ-eedg 

Subgoal Move Inside ^ . 

\ ; ^ Method: Walk* (Default value/ .-Succeed? , 
• Subgoal: Obtaiij soup ' - 

\ "'^ - Subgoal: Con , cook into •giving-him • sTouj)^ ^ » 

^ f ' Subgoal: Con cook into helping**ivim m^ke ^odp 

- Subgoal: Con cook for^permi^^ypln^o make stdne souj? 

Method: Bargain recipe/ for^eriflhesi'on — ,> Succe'eds 
Snb^goal: Get pah ^ ^ ^ ^ ^ 

I -Method: .Ask coo4r<--> Succeeds ^ 
^ / subgoal: Getvston>e ^ ' ' ' - y 

Method: Go out to road — >* Su^c^eds • ^ ^ *f ^ 

Subgoal : Jiw>k s'oup ' - -f ' - 

•n - ; Method:* Heat stone in water filled pan^ suapeeds \ 
\ • SubgoaLt Con qook into adding scraps of food / / 

Method:, Bargain ^is .cpntribut ions for^eips — > Succeeds 
Subgoal: Ingest. soup * " 

^ . * < Method: Drink * (Default, value) sucpeeds ^ . 



fbr specifying the . 'poSiibl^e tapg^ structures that a story *s deep 
structoir^ traice mu^t fit, Ib,^ fact ' they .define ^ th^ set of tree, 
♦structures thaf mean-end^ • ^an^ly^is would produce, X^us, the^ are 
coiapjSef representations for the tagget strueWrss that a .reader ^aust 
^construct in 6rder to undenstand a stcry. Story grammars are, spepiflc 

fo the domain of stories / but then^ arcySimilar taj?get strupt.ures that 

* ' ' • • ' ' \ 

guide understanding in other domains;. * * - c ^ * 

, Ihe puoKLem solving strati^iies abased pn • means-end's analysis 
Pl^ovide a domaiit-i ndependent method for constructing^ plans* • Abelson^' 
and Sciank (Abelson, .1975; Schank send Abelson, 19773 have developed a' 
deltapt theory to account for the way that- people construct social 
pland. In particular they are. trying tp specif-y in formal, terms the 
goals and methods that- apply in a /$o*clal contex^. using means-ends* 
analysis * . ' - . " > ' 

\ deltact does. 1>wo^ things : it permits^ the factorization of the 
differences between a situation and an, arbitrary social goal into a 
few^ familiar categories* and it gathers -^gether all the methods that 
riight toake each diffe*ence^ category reducible in an actual situation. 
A • deJLtact'' is a class of acts that reduce a certain difference to> 
abhieve a social goal. That class is broken into methcxis,- which are 
ordered to suggest which to try •first; A method of a deltact is. 
something that is done ( a ' segment of a plahT^'plus the preconditions 
under whkch' it may be expected to. reduce the deltact difference as 
^romisedT The plan segment may contain anything: it can be as "vague 
as a jgoal to satisfy or as specific as a'go^l -^d^ltact 'method 
al^'ady. in^^t antiaied or a s^)ecific action to ta^e "?j^ug£^ing ia" the- 
actual ^ .paisiici pants . The claim is that with thia^plannlng krtovledge* 
elaborate pl^ns can be , constructed <such as those of the man in .l.t.QI\,? 
;$gup ) and complicated sequences of acti-ons can be understood. 

Some aspects o'f deltact theory can be illustrated in te.rms of 
, $to^ Soup .' Two deltacts swerve hijgU level goals in the story: (1) the 
man's gpal of obtaining food is acconfi^^hed by a^ '/\}IAVE (a chang'e of 
possession) and (2) the goal of getting rfttp the houSe is accomplished 
by a /\PROX /^a change of proximity). Each ^of^ the deltacts .has a 
formal' definition: a /iHAVE has five variables an aotor causes ^n 



^.bleet to chatt)B.e possession from the possessoY > Vo the receiver b/ some 
Rgana * in Stbr|e Soup th^ pbor man causes soup to change possession 
frtm th^ cook to himself Ijy iome unspecified \oeans,? TherV is>an • ^ 

• or.dered aet of methods for. obtaining a,/A.HAVB. T-he methods, are: *ASK; 

• INFORM REASOltj BARCTajS Q^^ECT; BA^lGAIN FAVOR; THREATEN; OVERPOWER - 
.S.TEA-L. Id Stone Soup-'thP ,pbor man firs^ tries an ASK to obtain \food 
^ ' frpm'the mai^, bait, ends- up using a BARGAIN FAVOR with- the cook; buypJig* . 
^ ' .is special 'case ^of BARGAIN OB|IECT, where the object bargained is * 

moAe^. The methojds are, orderejt^according td the priprity in' which. . 
thejr^ should be Osed. in construct ijig a-plan,*but the order changes -in 
dirferent contexts. ' ' ^ • 

^ Each of » these metfforfs is, -formally defiired *aa an act with v.arious- 
prerequisites and 'results (Charnlak', 1975*; Schank and' Abelst)n, 1977).- 
In Sc'hank and Abelsoa's theory an A$K has the following ' prereguisite3 5* * 
(1) the asker ^s near the askee, (2 ) the. ask€re knows^th^ information, 
and (3>' the askee wantsr^to transmit the information to the asker. The 
, result is that the askee transmits the *^Trf orma^ion to the ask'er, which 
in turn -causes the asker to have the ' infgrmat ibn . . When -any 
^ precondition for applying a method is not satisfied, then a deltact 

# can' be used to propose a plan f6r obtaindfig the required precoadit ion*. 
This is how • subgoalsr are generated in the theor.y. ^ r ^' . " 

Ess^entia^ to Stone Soup' is the notion of a CON ^ A CON ffas t thei>^ j 

same structure of prerequi^sit es an'd results as does a method, but* the 

, actual act involved in a CON may be ^ny of tbe methods that, Schank and 

AbeXson (J977) described In conning the ttatd, the man used, an^ ASK, 

whereas in .the case of conning the cook he us^d a BARGAIN FAVOR, What. * 

the reader knows about a CON is its resultf-X gets nearer his goal 

(Gl) and its prerequisites: i1) X must have a goal Glj (2)' I must^ 

'have a goal (G2) to prevent X from obtaining Gl and a plan' fcTr G2 that* 

' ' r . * - * ^ . . * ■ > e,^ 

X and Y believe will work, and (3) X aust pjerform some act that I 

thinks Is directed toward a different goal* (G^) and that helps , JC 

^ Obtain/ Gl without Y giving up eitb^r the goal G2 or the plan for it* 
^ ^ ' ' i' ^ ' . • ' * ' • 

To . identify a- CON in reading a stoj^y, the reader must -matph thQ. 

preconditions of any act in t^e s£ory against the prerequisites of a 

CON, and fln<l (05 guess) all of th^ ' participant s by naitfe. 

Del-tacts illustrate the notion' of a difference. T,hey facilitate 

the reduction of difference's by ^ suggest ing methods for the means-endS 

o , ■ ' -'"-IS • •■ ■ •■ . 
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an-alys.is that will, reduce i^iae pr* aLi of the differences that ^fiaye 
,been-anoticed ia a pai^* of..actU2^1 .and -desired ^situations. ^ 

Iteaps-ends knalys'is operates fey ?earo^^nfg amonjg the known.^eans 



J 



or oethgds, for* those .that wi^ll a^Etain the ends ;tbftt_: are souglit, 
^ expressed^ ^ term>s ot such differences. , This analysis depends on two 
-'pieces oi" planning knawledgei: * an "Index of the known .methods in teres 
of descrfptiobs of the differences they can- be expecied fc^ rjgduce, 'and 
a tex^hnlque for computing the- differences from a given situatxt>n pluS 
goal ^s^<^j5^hat ja m'e^b^ ind^eaed .by ,that difference can be ^pplied^ 

^tp«ategic^ Knowl^ed^fe For Drtder^tanding ... ^ ^' . 

Strat^egic k^o^ledge ref ers to knowledgc'that ^ thje reader uses 
drivje'tbe process ^f trying to make^^ sense out of tb^' story. It is the 
most elusive kind of knowledge because it ispiob at all apparent in 
any trace tiie reader may }/^ve of his , understanding .( such as ^ summary 
of the story) ♦ ^ Perhaps for this reasd^ tber4, are no explicit theories 
of* ,,what comprises this?*kn6wLedge.. ' ^''-i ^ , 

He will list a -few general principles tb'at skilled .readjers must 

uae in understanding st^lJFles, a*s, a first attempt to' specifying ^hat~ 

-» » • - # * 

some 'of this knowledge oust look like: * 

• • ' ^ * 

1. The deep structure trace constructed by the reader should make .a 

well-foVmed "story. ^Things such as episodes should begin and 
end .),'••• . ^ ' _ r 

• ' 2. The deep stru<^^pre trace should somehow accomaodate -every event 
* in ~the.,story'5.' ' * ' . - / ' ' ' ' 

- , > ■ ♦ 

3. - Every slot "in the schemas used ' to understarid the story, should be 

- 

l\ filled\ : 'l>rpferably l?y valtfes specified in the story, or by 

/ , *^ • » ^ 

default \al<ii2e 5 that do ncft contradict aaytbing in the. story. ^ 

4. Authorgj^wf ite stories-for particular purposes and the reade? 
should- Construct an interpretation of the author's intentions ^as 

• . .well as an interpretation of the event's in the story < 

5. Ttie 
the 

above-) are' not satisfied. ' 



5 reader should 'reread to syntheiiz^^^a new int erju'etat ion of 
B * st9»ryi if any *of 'the* strategicf^conditions (sueh as'the, four 



^ * \_ Pr^intsiples such as these 'must be opgratiAg as as. skilled; reader 
' \tries ' to. inajce senses of the story, bu,t there may ' b\^ many ' more such 
principles. ' - * * 
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^ With* this gliripse of »the various kiijJs of knowledge needed ; t o^ 
und^rstaiid a story, we will briefly descriSe how a S^Tcilled reader 
synthesizes thi^ knowledge to unders-tand ^tope Soup > Coapr'ehension 
involv*es a notion of variable b4nding ^ wher^e elements in the story "are 
liotind'' to * ^lots in different knbwledge structures. Where a value *is 
jiot specified "In the story,, it aust -be aligned a default value, Fpr^ 

example, when th^ man begs' for food, this is bound to t^he aetbod iSK, 

• . ./ , • - ^ f . • 
which in turn -is bounjd to the goal of pursuing a /XBAYE to obtain 

5oo4,. The reader -makes^ th€ .default assumptlqn that .th^ man's xiltitfate 
^goal is eating ;to alleviate his hunger^ rather than giving the food to 
'his dog, for Instance* The\way objects and events in the' story J^ftvoke 
^different •pie.c^s of , knowledge^ to suggest hypotheses is called 

tfottom^uD proces^slng > Fbr exaisple, the poor aan*s begging for, 'food 

suggests he wants to eat,. In contrast, the way that, knowledge sobeaas 

* * * if 

ccmpSete to provid,e the best hypothetical account for 'the iaput data is 

called top-down . processing > For Example, the goal of getting inside 

the house competes with^hat of getting dry as an ^planation of why 

the man asked permission to dry himself by the fire. , T^keiT together 

theSe'two processes ailow the reader^ to piece togetheir- the large 

amount of structure ''necessary to integrate the strucytira-l fragments in 

the text (Adams and. Collins, in' press; Rumelhart and: Ortony, 1977). 

The" skill-ed* reader uses* bottom-up .and to^-down processing to^ 

formulate^^frypotheses about the^deep structure un^4rlying the various 

.events as he- encounters t|iem in the story. As^/suggested earlier, the 

reader makes t6e inference that the ma;i wanV^ food because he -is 

hungry. The . -default ^ae^hod of obtaining f^^od' is. buying it — BAHGAIH 

OfiJECT, but this is, not" possible since the ^an is pobr. Tfie ASK is 

thwarted by t'^e maid«s refusal. There ire ^ ;num^er, of alternative 

methods^ but apparently the man goes of'f to/ beg elsewhere. fle 'then 

returns to ask if be %can dry himself by Jb^he fire. Ap.^arently he has 

changed his t9P-leV$J goal in the means^ends analysis . structure . This 

change agr6es with ,ttie fact that it is/ raining, and drying- hiaself 

could* \*be a reasonable .lower-order goal in the man's goal structure^ 

Thus, an intelligent reader at this p>6int may be led into constructing 

art Incorrect hypothesis as to why .the , poor *man aska^ to dry^hlmself by 

,* , ' * ' . ' ^ ' 

the- fii*e. ' ' ■ ' ,./ ■ ■ 
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*Wben the'aan suggests making stone soup, . the reader say construct 

a second incorrect hypoth^is,^ X.he app^pent goal is thaj: he wants 

teach^ th« cook a new recip.e. fherfe are s.everal clues, hoi^eve;^' \^at 

allow the reader to foraul^ie a different hypothe^sis* about tftev^^an*s 

goal: (1)^ Stones are ndt in thfi, variable range' oX things fro^' which 

one noraally aakes sbup^ Stones have po.foo'd content; '^/Xnd * (3). 

Because the , aan heTped aaj^e the soup, the reader -inf.ers thfft he gets 

fio €at it. This .satisfies the original toji-level /goal^hat '^h,e r6ader 

constructed for the aan's- coming to tie housB in the ^ f ii*s^ place*^ 

However, ' tfiese three fJ&ts should 'le^d the reader to c^dnsti'uct a^^jLSjL 

goal' structure ^in whidh asking ' the stone soup is a subgoalJ, beneath 

the higher level goal of eating. In .this new struct^ur^, aaking stone 

soup is a BARGi^H' FAVOR for the subgoal ZXHAVE to obtain food. This 

nesting of the goai^ structure eliminates an unaotivated change^of 

goals. Until this' revision is aade, the third s'trategto- principle we 

naaed abdve — no iapo'rt^nt slots ^eft unfilj-ed — is* violated because 

there is no purpose for the change of goals.' - „ 

©fcven this restructuring, the reader should ^ also be" able to 

revise his ea^,lier incorrect hypothesis as to why tbe'^aan panted to- 

dry himself by the fire. To do this, the reader aus^^o^ice th^at the 

(Ban needed- # />lPROX to get^ into the kitchen, wheri he could bargain 

with the cook to obtain food. - Thus asking to dry hias^lf . by. the * fire 

can be subsequently intejrp-ret ed as a, COH: it* aoved the aan cl<y&er to 

the initial ^goal of eating that the maid had prevented; however once 

.she thought the action was .directed to¥ard the goal of getting dry, she 

allowed/ him to achi'eve jbis subgoal. Bv restructuring th^s^ two acts 

'7 • ^ . - * 

under the one goal of obtaining food, the reader has produced a .tre€ 

/ ^ * . 

structure that fits the constraints on a well-foraed story% according 

'to Ruaeihart's ( 1975) story graaaar. ' . 

Knowing that this story is a fable,' the skilled reader ^hoiild 

•infer that the story has a moral J a prescript ion, /or how ^td behave' in 
a given situation.. 'The reader, can convert the deep structure tr^ce he 
constructed to a i^ral something like, the* following: If on0 ©ethod 

>'fails, you can ofteo reach your' goal by a more circuitous one that is 
clever but not 'llaaoral . Therg are several underlying aspects t6 this 
soral^ initial failure, persistence or repeated trying^whe^n you fail, 
changing aethod/sowhen you fail, devising^ aulti-step plans, uSiog 



* f 



cXfver laeanft sjach* as a COH, not using ymmoral means such as THREATEN, 

O^RPO¥ER, and STEAL Osjee the section c/n Planning, knowledge abovei , 

" ' ' ^ / * ' • / ' 

^nd finally succeeding. The avoid'ance of imiaorality can only /be 

./ / * 

realized frosa the reader* s kiiovle(}ge of the alternative methods /tne 

_ • * / y " 

,aan ^ didn't ii&e. This ability to - evaluate another person's yplab 

^ ' 'k - * * ^ f ' " 

derives froa:,the reader's own ability to plan, / 

^ Furtheraojre, i*f'the reader knows, that the points of fables are 

often proverbs,^ he sight be abl^ to select the correct one for Stone ^^^„r>^ 

Soup ^ This is done by fflatchi|ig the various* aspeots of the deep^^ 

structure trace of the story against the deep structure trace of anyj , 

.candidate aaxias, Fof 'example, *If at first you don't succeed, trpr^, 

try again" matches the- two aspects of failure and repeated^ trying • 

"Whe^'re 'there's a will there'^ a ,vay'' matches four aspects fairly^ell: 

i ' ' ' 

persistence, changing methpds, usin^ a circuitous (multi-step) plan, 

and ultimate success, Heither of these prdVerbs matches perfectly or 

includes the cleverne^is aspect, but that's why we have fables* / 

^ 'By tracing the process ^of un^rstanding through different stage*s, 

.we have^ tried to sh'Sw: ,(1) The problem \olving processings necessary * 
to Terming hypotheses about the underlying structure;,', {2)' The way' 
the reader mpst construct revised hypo^^heses from the incorrect ones; 
and (3) How notions 'of means-ends analysis, goalsf^ and a.ethods for 
ach^ieving 'those goals are integral to the understanding' and evaluation 
of social events in the world* 'In particular,* wje have hint*ed . at the 
quality between problem-solving and Understanding* where we, i*n part, 
achieve an understanding ^of this fable by .recapitulating a 
hypothetic^ trace of how th^ beggar was achieving his goals, what his 

-^methods and intentions were at each step,* and so on, ' . ^ 

. Me^ * as readers, must actively invdkeV^tfl^ own problem solving 
strategies in synthesizing a deep structure ^odel or underst andinjj of 
this story so ^as to be ^ble to bridge the^ gaps between each line in 
the story. Hence, we'see that even in fsimple . storiesV tfi6 reader 
cannot expect, to he given or told everything. Indeed, he must 
participate, so to , speak, in tb^fvent that he is trying to 
understai?d. _This ^aften* .happens almost unconsciously since the 
planning/ knowledge and, problem ^solving strategies needed to 
participate * are thoroughly ingrained in .our heads, How-ever, 
uSa^standihg less^ common event^^ {instructions, systems, etoj 
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reflfuirfes aji active invocation of this knowledge, as we shajl see in 
007islde»ng ^he* l^^s natural domains of matheiaati/5s and electronics. 
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, ' , UHPERSTftHPiNG 'ELBHENTAn HftTHEHATICS 

^. In the previous section we 'discussed how higher-order knowledge 

in th>fc»forB of plans, methods, and h^potheais construction* strategies 

in the* sCrea of social interactions must often be used in order to 

understand even simple stories* In this section we will sketch^ out 

an -'^analysis^of' the underst^anding ^of a ^olutioji ^to an exerpise in 

elementary aathemat ics that dii*ectlSr • corresponds to cur precedi^ng. 

analysis of story ^coaprehensipn , The corcespondence , is between tlie 

strategies ^and ^roQre^sts used to conjecture and fill In th? 

' ' * ^ * ♦ 

unaentipned plans in a story and ♦'Jhpse used to fillt in; the motivations 

far ^' the steps in a solution to a ja.^th problem. In both cases, the 

^i-nes comprising the surface structure "of the story or solution must 

b^ augfflen_ted bv the xznderstander ^before ,a deep structure tface 

' constituting an understanding can be. generated 

^ * * # ' t . ' ' * ^ . ' ' 

While studying math-emati'cs', probably everyone has experienced at 

• one * time or another the- phenomenon of th^ almoat maglaal nature of- 

math'ematic proof3 ^6r . sol'ution paths — the steps-. leading- to a 

solution--t^at are-^ encountered in studying most mathexaatics 'textbooks.. 

Somehow the critical lines ot a proof or critical steps in^ a' solution 

seem to be pufled out of thin air, leaving one in awe about* how these 

st,Q.ps ,were ever conceived of or selected* ;Jllthough each step of the 

proof, or solution, seems plausibly true , as it is read, the proof as 

a whol^ ' is hard to' remember; one' could 'not summarize it except by 

reciting it. verbatim from memory--much like what one ^oe^ for.'a story. 

which makes no sense, or a magic act*in which the- tnic^ remains 

unknown. ^Worse, the proof as a whole do^s not seem to bear more than 

a coincidental * resemblance to other proofs that are presented "orf the* 

same subject." For a student to ^levelop the skills -to understand, as 

* opposed to not^ly memorizing,' a new solution — let alone skills *to 

create' his own solutionis — the sense of ' what makes one proof or 

solution ^^like'^ the others is needed. - In short, ^ the answer is 

^tb^ne ^^nt^^a student who does not 'know what to look for cannot, 

really see it. ^ * . • * 

For the rare student who has r seen how it^.all«fits together, a 

newly »*worked solution" seema weH-planned', a deliberate jsequence of* 

steps culminating in the desired Iresult. The steps are. of ten so 



4irectly jjustified and self-evident tiiat after a while 'the ^student 
begins to , speak of steps "falling right out^ and "moving toward the 
solutlon*^— Spatiar metaph.orsr Tb^^e metaphors are the inarticulate 
alIusion6 to'^hahits of ' tb^^ht in which the same knowledgelis used in 
solution *after solution, T.his planning and strategic knowledge is 
Identical in structure and function, to. that used in- /story 
tinderstanding . - ' 

To demonstrate this thesis,- let uar^start Kith a concrete ex^ra^ple 
drawn from Butody (1975)* ^'Consider the task of solving the following 

'log (x+1) + log {x-1> = 3 ^ . 

-^We scek^all the expressions^ for x that; .make this equation true-* 
(Th^se logarithms are 'in base 2.) -How are we to procee4? Observe 
that knowing all the b'asic mathematical transformation^' (e,^. 
commutativity , associativ'ity ) ^ gives us no information as to what^ 
(jlrectloq we should move or what trkns'f ormatioh ^ we should apply/ 
Indeed, this basic knowledge tells us nothing' more ^than the legal 
transf ormajtions that can^ b^ made on the .expression* " We know w.e can 
rewrite^ this equation in at least. a dozen different ways, but which 

^nes will move' us closer \o\ aphievin^ the goal, of solving the 
equation? For example, we-^ could use the commutativity transformation: 

A+B = B+A^ 

(fhlcb generates a host of new exp^essions , such- as : 

" log (V+x,).+ log (x-l> =' 3 ■ ' - ^ 

or log (x+1) + log (-1+X) = 3 , ? 
• ^ .or log (xr-1) + log (x+1) = 3 ' ' 

Or ^e coul<} nise a trans foriliatifin applying to logarithms such as: 

. ■ ^ log A + log B = log (IVB) . V A > 0 B' > 0 * 

log (*A) + log (-B) = log (ft B) , A. < 0 B < 0/( 

which generates-: ' , 

log (x+1 )(x-1 ) = 3 , 3C > 1 
and SO' on . * 

B^tote proceeding, we^' encourage you, the reader, to genera1:e 'your 

own solution. As you do so, "try to keep track of .why, you applied a 

^particudar transformation , what ki^ld of difficulties you experienced, 



and how you decided when to ab'a>ndon an unsuccessful approach 

Now let US' flip «hB coin from the 
solving ppoce&« ^ to 'the almost totally 
•^^m^thematics) . understanding process* What follows is one .of the 



solving the equation* 
proSlep • sol?i 



^oifard, 
typij3al 
overIoo4ced Xiir 
many 



^ssible solution paths to this problem. Read thorough this solution* 
aftd t\ien step ^back and^^^hink about what 



.summarize *it' in a^ <H^y ^ that 
solution, to another probljem. 



might 



it means 
help 



to understand or' 



someone else 'generate a 



1 . 
2. 
3- 
4. 
5. 
6. 
'7. 



Example 1 
log-{5c+1 ), + log (xf) ) = 3 
fog '{x+1 ) .(x-1) = 3 . . X > 1 
log {j^. -1) = 3 
x^ -1 = 23 = 8 
3^ , z 8+1 = 9 

X- = = ±3 ^ 

> 1 , ^so -x 



= ^ obly 



>but X 

As -we skim over the '^bove solution, 

but 



be almost- obvious, 



)ibat 



abo4at 



each step, bv itself seems tt> 
its overall structure? 



r 



Can we- 
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scrutinize it aa easily a4 ^we can the Stone Soup fable? v Ca^ we filvr 
in the, underlying motives or plans that . directed the unfolding of thi^ 
'solution? To see that each step of this solution path i^i cates to^^, 

the initiate a separable, diis.tinct decision and has ^ts own motivating 
_piece of an overall plan for the, solution, {that is, to se^e that there 
jnust.,exist somtg de4p structure traqe for solutions to math problems 
and tl^at it play3*^a • determljiing role in what^ steps were taken), 
comp*are the surface structure trace ^iven- in Example 1 wltli. that given 
in Example 2 for a slight^ly different problem statement. ^ 

^ ' , Example 2 

'l. logjx] + Idg (x-2) = 30 \ ■ . ^ ' ' 

2;- log-'(,2cMx-2) = 3 , x > 2 ' ^ • 

3. j^'x) .C1c'-2) = 2? ■= 8 _ -"^ .' / ^ ^ . t ' 

'• 4. >?.:-2^ = 8 ~ ' . _ <: . . ' • . . - 

5. .'y^ -2x -8 =• 0* ^ / ■ ' * , ' ■ 

6. (x+2).(x-»i) = 0 * ' , ' 

?• ^x+2i= 0 or x-M = 0 , . 

J 

y 8. .x=-2 or x=4 " *, _ . • . 

- • 23 . 



9# but X > 2, so x=4'. only . . ' V 

^ Although this is the same problem wit(^h substituted for the 

*^**^of Example 1,. the steps -t.o solve the equation ^jaxij?,,^ different in 

each cage* Why? - . * ^ 7 

' ' • . - ^ . : * 

Pjr^nnlng Knovlgdge and Means^Ende^ Analysis 

AXan 'fiundy (19J5) has const/'uctejl an in^ial taxonofiy and theory 
of the planning knowledges involved in solviii^. a wide class of 
elementary equations such as this 6ne. Hisi theory involves two types 
of knowledge: fdrst,^ there are plannin^if r^es f6r associating 
tr'ansf6rmatians that are applied with situations^ that arise in 
means-ends analysis; and second, there is strategic knowledge that 
selects 'the order of the appli^cation of thefee rules. Integrating 
these two types of knowledge results *in a problem-solving' procedure 
which Bundy calls the Basic Hethod^^^t^t is', a schema for^an instance 
of ,a ieajns-end^ analysis strateg-y for seeking a solution*' Below we 
give examples of such planning knowledge ^ cast as Bundy rules: 

f solatlon: Given a single occurrence of the unknovfn in tjie^j 
on, apply a set of mathematical transformations that* removes-" 
^wfiate'ver functions \s4irround t^hia occurrence, , so that it stands ^n 
isolation . ' * ^ • , 

This covers any set of steps that selects th^ outermost function 
dpminatdng the occurrence, selects, an axifiim which eliminates it by 
"introducing its inverse on the right-hand s^&e•, and so on until the 
unkpown sits by itself on the left-Hand side of bhe equation. 

SiPDli^lGation: Place expressions in ^"canonical form . 

^This covers adding and multiplying -by zero, multiplyi'^g by^ne, 

loaaVithm of one, zero or one as an exponent, evaluation of terms with 

*no unknowns, cancellation of factors across a quotient sign^ etc. It 

ds oftep enabled by the isolati-ori strategy,. ^ - ^ 

. Colleet Ion : Given more than one^ occurrence ,of the unknown, 
select a transrormat ion tjiat reduces the number of .occurrences of the 
unknown, thereby m^aking «ie isolation strategy appHrCable^. . 



This covers such* steps ad summing terms, ^dding constant 

exponents. of products of powers of the same expression, etc. 

- Attraction : Given more than one oceurrenoe of the unknown, apply 
•a transformation, that simply moves two occurrences* of the unknown 
closer, to enable some ' transformation for the Collection strategy. ^ ^ 

This covers such steps as finding common denominators for- the sum 

, of fractions, npn-elementary applications of legal transformations, 
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splitting^ Given -a complicated ^xpiression or ' spbexiri^e^slon , - 

fplit it into a functional composition of some less complicated 

xpreasions, to enable the. composed expressions ■ to be treated 
separately .^^ ' • ' : 

This covers factorization, compl*eting the square cancellation of 
,terma *'across ' an equals sign, -etq* - . ' . ' - • '/ ^ 

Check: given any additional relationships that must' ob.tain, 'db^ck 

* whether they do • ^ " . 

• ' . — . = 

Tbidv covers substitution of ^ answers pr expressions into a ' 

prev^i'ous -step, the eitra case analysis for division by zero; indeed it 

^includes* alm^qst any "^^eliljerately redundant processing, * such asX 

multip^lying^' out the square that^ h^s beea completed-* ^ • Z*^^ 

p^slG Ma thematical^ Knowledg^' , ; - 

" The above planning rules for mathematical problem-solving lielp 
specify which .basic mathematical knowledge — ;the. kind taught 
•'>laboriously in mo^st elementary jnathematics curricula — should be 
.applied at each step in the solution ^ This is the knowledge of what ^ 
one may and may not do; (i.e., performing the same -operation on h&lb 
sides of an equation, multiplying by an expre^aion equal to 1, addijig 
an expression- equal to zero, transposing commutative operands, 

* distributive law for multiplication,' adding exponents^ in 
multiplication... with the basic •martbematical skills. of algebra ^hat 
make the di-ffgrence between a sloppy victim ot careless mistakes and a 

* loyal upholder of the deductive laws of mathematrics'. Basic knowledge 
iS^ not sufficient f or , flexible , independent mathematics — the, kind of-^' 
flexibility and indeperfdence derived from the ability, -and confidence 
to. plan on oae*s own.d) ' 
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The above Sections have discussed some of the basic mathematical 
< and planning knowledge needed toNiie together the individual ste^s of • 
a solution into a coherent deep structure, revealing, fhe motivation^ 
■and plan'ff that lie beneath the surface of the. solution path. 'But how 

(li In f'act." perhaps one of the causes for a oath student "Denddng the 
lai« when he gets lost is that 1) he is told h€ has to get • fVom .h.ere 
• to there, but he. doesn't see Jdw; ii) the paradigmatic math pro^f is 
usually liven with unjustified leaps {i.e. referring only to the basic 
kSowledKe); but. si^ce h^ di4;i!t follow .its thwiad when it ^ was-, 
oresented he assumis nobo^f ^expects there to *'e o^e;. iii) by not 
Sslnl J^lainiSr knSSledge, he views Che process of C°n?j5;"°-5i"f ^^^P"-??^ 
as -one- of lumping forward from the ijremlses and ~^)ACkward from the 

■§?£§l.?sionir aS§ iv). he may as w^ll J"""? J^°^.,S2? J"°Ei?^^;|Sf far^ 
jumps to another wheneVer the expressions look sufficiently similar. 

ERIC- . . , , , 



one to ^yirthesize^ for himself, this structure? Before exploring^ 
this issue, let us first show both a top-JLeV^el summary of planning 
knowledge* that might have beep used for solving Example 1, arid a jnore 
Retailed exampj^e of the dee^p structure trace for Sxam^ple 2. » ' ' 

For Example we may briefly not^ that steeps . 4r6 refleot^^.the*. 

•successful application of the planning rule for Isolation* This :was * 
made possible by the prior application of ythe Collection pXannij^jg^ 
rule,: ^ which in turn, was enansrsd by the. correct ap^li-catioir of the 
Attraction rule. ^^^^ " ' ^ 

, ' ¥e can see in' Eicample 2 that st^^^^-^" are motivated 'ty -.-the 
desire to split, the, quadratic into p^ses correjs ponding to. its, tvo 
roots; th^t this^ becomes possH)le if 'we 'could'^ express it as a 
product of expressions of th$ fa|!3i Cax+b]^ ^et equal to^z^ro ias was 
done to get 'from steps 6 to 7)-; and that tkris^ wotild-be^^ooe po^sibl-e if 

^we were able to' express;^ our quadratic 'as lax^ +bx "+c = 0 (and the^r 

complete the square. So the deep-^^truct ure trace' underlying 4-7 is 

shown in Figure 2/ - - v% 

' . ^ Figure 2 ^ 

Deep Structure, Tra?ce for^-7 of Example 2. ^^^-^ * 

^ \^ ' ^ - ' - ' ' - ' 

Solve the quadratic-- equations x^-2x=8 (jLine 4) by: 7 " - 

SPLll^m) - into one equation Tor each root ' . v ^ 

A^by: express as f(x).g(x) = j) ^ - ^-^ , . — < - 

^ by: ATTRACT (4)'- towards desired form'abov^, ' > - 
c by: SIMPLIFY^ (4)^^- into ja^t^ + "^x + 0;=-.^ , / 

'"byT SPLIT: 8 0 + 8 '* 

r' " — e " and : .ATTRACT : move thcvS over, y ^ * 

- - switcjhjing^si^a , 

^ - yielding (5): ^ -2VI8 = 0 ^ "''^ 

and: SPLIT.-45 ) sinta'- Oax^b)'. (cx+d ) = '0 v 
^ ' by: factoring <5) " ' • 

- . * ^ r yieldipg (6): U+2).(x-4) =^ 

^ and:^use the prpduct->ero rule - j " " 

* - yielding*(7) : (x+2) = 0 or (x-4) r.0# ^ . 

and solve, the liaear. ^q.uat ions , ' ^ - ^ ^ 

But ^bat kind or reaspnir^/strat egies did we, use to* synthesize* 
this deep ' structure trace vf rem steps 4 through 7v of the solution? 



Co-gk€ruoting and Revising pvpothese^s about Deep StruQturg Traggg ' 

Jfote * the three patterns cited in the above deep structure, trace: 
t(0\g{yi) = Opx ax^'+Kx+c and' (ax+b) . ( cx+d) . ^ Each of these patterns is 
related.,^ to a small chunk* of basic algebraic knowledge that specifies^ 
.what'basic operations and truths can be linked to thi's pattern,, such 
^as'^'^ the • product-zero rule: f(;c).g(x) = 0 — > f<x) = 0 br^g(x) = 0* 
T#eie"^a* terns play a pivotal role in that^fUl^iiiik fragments of the- 
deep structure trace to elements in the surface structure trace. via 
hypotheses that th% un^ierstander forms. For jrnstance , ""when o'ne sees 
[by . comi>aring ' 'the riglit-hand sides of (4)^nd (5)3 that one side of 
.t'&e equation is being- made zero ^ one ' might be a^le to apply th4 
Produc4;-.2er6 'rule which splits the -equation into two - simpler 
equations. Th*s rule requires s^me instant iatic/h ^ct the pattern 
f(x).g(x) = 0 which is ^bun^ wh^ it is searched for further. down the 
line of jthe proof, identifying (6) as an important Qly?>^in our 
reconstruction of the deep structure trace, sijice it confirms o,ur 
.hypothesis that^^this particular kind of split was attempted. 

.Our next hypothesis formation -subtask i^to determi^ne h'o.w (6^ is ^ 
different^* from (U) and how and' why it got that T^ay. (He indent^ one 
level in th^ deep structure trace — Figure. 2 — ^inee this is a subtask.) 
•(4) is a quadratic which means i^t ^is a close relative of a 
three-termed polynomial in i^-ax^+bx+c. This minii^-hypothesis ,1s 
easily confirmed (all the terms of .W) are of the form axZ or bx or 
e), but. it is crucial to nraking sense of (6) because o^We of the raany 
waya^ to express a quadratic is the next pivotal 
i patf^n— (|jx+b) . (cx,M) . This -pattern matciies (6) ,. so we now, know that 
the Jtfiap from. (4) to (.S) included placing ^ ouadratlo in tti'e form 
(ax+b) Acx+d) . And that is^-^nother basic knowledge schema,, for .it 
tella the understander i-.haf nnp' oonverts ax2 -fbx -fC Into ( ax-t-b) . ( py-f d ) 
by**factoring (provided the rootg . exist) . 

How there is a ->eas.op to look for tbX tg In 'the surface 

• , 'J, 

"structure trace, which we. find a^ excerpt element C5).^ Note* that not 
everjr, proppsed surface .structure' element mti'st be visible^ in forming- a 

• hypothesis; , often a littlV- basic knowledge is needed to-, see that what 
one is looking for is ipplied,^ wha% , was there explicitly -(e.g., a 
few steps were skipped,, or the - representation given is nofin 
ca'nonical form, etc.) ' This is what the understander-will have to do 



* if *and when he explores just iiov the expressic>n was factored and 

\^..>rhe£her the jump froBK/(5),to (6.) was valid/ But in Jthis ,case ^ he vaa 

iPbrtunate to fi^cT'ax^^vbx^c directly. The understander "has only to 4^ 
^ ' ' "• * ' *^ 

" not ^ that the 8 came from the right hand 'side to get a zero,' thereby; 

^splitting 8. into*0+8. ^ * "^'^''^ ' * ' , ' 

The overdll processi^at work here for handling tlie understander ♦ s 

hyp,othe^es is controlled by a gr^up of strategies .for^ taking 

i'nfonmation from the ^Tution path that dictates possible new' 

hypotheses^ . and for connecting existing hypotheses together in, ways 

^hat are cansistent with basic mathematical knowledge and planning 

J knowledge fpr, algebra. These are bottom-^up and top--<^o%fn activities, 

respectively. fj^pm tbls-^ypothesis growing and merging proces?^ we 

can .construct ,a model of how the problem wajs solved^what motivation 

lay behind selecting each step, and what the overall plan was behind 

wthe probleIl>^•,^ solution. " . , * ^ , 

Of course^ ^the purpose of this planning knowledge, is usually ^to 

,bel^ solve^^ a problem rather than enhance one's un<lerstanding of a 

panticular .solution; however, 'without recourse to it, understanding' 

the sol^ion -,pkth is nearly imposslbre. This top-down/botfom-^up 

hypothesis formation process^ is indeed a complex one--one' that may 

seem, more difficult than solving the problem in the first place^ That 

this . is, so 'indicitesThow little experience we h'ave in "reading" and 

understanding jwsvel mathematical 'solutions (or proofs). 

How Does This Rela te to the Stone Soup Pable>? r 

If a reader has trouble understanding the "point" of the Stone 
JSsJUL f^ble, it is 'apt to be because he fails to pei?ceive the existence^ 
gr structtire of the.^ 'planpin^g knowledge used ^by the global 
problem-solving strategies being invoked by the beggar. Less Likely, 
but. still possible the troubled reader might never have learned the* 
^planning knowledge comprijsing ,the "social" plan.s and methods 
•"^underlying each .particular .Isolated action of the *b,eggar . , In story 
understandihg , the individual schemes ot pl'anni^ng knowledge, the plans 
,and methods, are more apt to be recognized in a piecemeal fashion than 
the global hypothesl^s-handling strategy that weaves these schema's into 
. a coherent model of what is. really happening in the story. 
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■ HowjBV*er , In 'Untfers^ndijRg (or* generating) the solution path for 
solving an equation, the troubled studejit is apt \^ be completely 
unavare of eithep^ th©— existence", content, . or, asie^ of the planning 
knowl^^r^^ (in the*, form of, say, Bundy rulei*)j that, lies between the, 
line^ of the solution path and that provi,des the "rationale for tying ^ 
the individual .steps together into a coherent plan. .^By being both 
tznavare,^ of this .higher-order Ifnowledge' 'and of the hypothesis 
"formation/revision strategies that use it, the* student is deprived of 
the bjasic apparatus to >ake seps'e out of a solution ' or proof - (a 
necessary . but not. a sufficient condition)*. He is therefbre like'ly to 
believe that understanding math is' a diffic;alt and mysterious process, 
even after he has mast.ered all- the basic knowledge -of., math, (i.e^,, 
when the transformations are applicable and how the'y^re done). The 
end result is th^t whatever mathematical ' knowledge he does manage to 
abaor6 is ,in^ the form of heavily encoded procedures that he rotely 
memorizes and ^mechanically applies in order to solve special' classes 
of problems. * As he is likely to experience it, learning mathematics 
ct^sists of categorizing or linking proTblem characteristics to rotely 
m'emorized .procedures that "solve" tnem. Lacking the insight to' see 
how each individual procedure naturaljy follows \t^om » applying some 
simple higher-order fenowledgft^^^^e. has- little basis for under'standing 
the semantics of the procedur^,' and therefore cannot reliably 
generalize or apply yie procedure to slightly different problems.^ 

To summarize the point of this section, we have seen that the 
cognitive proce?^^ of understanding elementary mathematics does conform 
» to our regularities: *(1) There is a surface structure trace that 
results from * the sequence of applications of mathematical 
transformations and laws; ^2) there is "a deep structure trace that 
recapitulates 'the unde'rstander ' s best guess as to what motivated the 
steps that^^N&^re made; (3) there is' a well-known literature of basio 
knowledge, consisting of axioms, ^notations, transfbrmat^ns , and the 
like|. that serves to ^define the composition of, the >Surface structure 
trace by saying what may* follow^ directly from wha^, and to suggest all 
the possible ways that .the surface structure trace may be ejftehded to 
intermediate steps when a j^mj) has been ma^e; ahd (4)^ there ]iv^a 
body of .planning knowledge, consisting . in part of Bundy-style rules, 
concepts for types of equations given as patterns that jjay be matched^' 



Tlxeae se^^ .to\ define the interrelations among trace elem^ots 
(particularly, ttio^e involving trace , elements that^don't appear in thejl 
surface structure traced e#g«, the* scifema for complet Ifig • the ' squar^) , f i 
and ^to alfg'gest tiirthe'r bases tot: constructing, hypotheses that would'? 
coBn^ct'up with* tiiose the tmders'tiander has found so far. 

Thre fundamental coin of .math understanding is the body of 
^vpothe^es^ about the <^p structure trace. Teachers don't ever talk 
about them, bu^lthey reflect the mental steps that every ituffent takes • 
as* h? reads Uhe, lines of a proof an'd trifs ta piece it .togetiier. T^e^*^ 
fijtrategifti^^tise. student uses, (whieh threads to pursue before otlfers', 
which' ibgically-l^a^ed * predictions to make from the ones he accepts^, 
as well' as the different tools for handling hypotheses^ — how to confirm 
one, ho^ to extend one, how to suggest one — are something teachable, 
like all "study habits," ^apd are surely something most people could 
import vholesale from' their deep familiarity with social attribution 
^n^ planning. We thiD4c it, might evBn ba the case^that some people, do 



^n^ 

jtlst 



tbat^^' once they^ grasp the planning knowledge underlying 
matbcmaticsl ^ ^ ^ - . • 

He. think that peopl^e have.n^t thought of math this way before; 
that if tlnryihad,^a teaching methodology , that cites the planning 
knowledge explicitly and gives practice in its application would hate 
evolved and ameliorated the mathematical illiteracy that presently 
<>f f ers 'Such a stark contrast to peoples, familiarity with the 
analogoiftly structured* knowledge^ for social .goals and attribution. 
Although ^'most 'peop^Ie find mathematics hard to understand (as compared 
with fables and other stories), its formal nature enables us tp be 
j?ubstanfcially more precise about the planning knowledge, hypotheses 
formation strategies, e"tc underlying the /act of understanding than 
in the dom'adn of general text understanding. - / 
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'In the last twp sJeptions we illustrated •some of the important 

theoretical constructs and ^processes involvad ^in Understanding some 

eyant,, ^ story, or mathematical solution, etq., while str^slrig the^ 

surprisingly invariant natur? of these cptfcepts and processes* over_ tyo 

radically diy.erse aqmains. It ^Ight seem to' be belaboring t.bls. point 

tf^l-jring into' yet *a . third knpwledge area--understanding electronic 
^ I N ' ' , o 

circuits*' However, it was -HProm witnessing student technicians 

struggling and/faviling -to ''understand'* e novel circuit tBat we. first 

T)egan to wonder what higher-order ksgowledge — knowledge besides basic 

electronic laws, and concepts — were actually needed 'to ^enable a 

technician to understand a new circuit veil enough to troubleshoot 

it CBQ his own.. As we*- began to explore this Issue by explicitly 

representing the tacit knowledge th^t a skilled troubleshooten uses ^n 

"com-pnehejiding'' a new circuit schematic and then , analyzing the 

protoccts af both expert and stu<ient technicians using this knowie'dgc, 

we/dlscovered the strong Similarity between this activity^^nd that 'of 

story V comprehension. In fact, comprehending a circuit .schematic Is 

a slow^and conscious 'effort , with eye fixations ooapleaenting) verbal 

p^otocol,s. Thus we had an unparalleled experimental setting for 

probing the understanding process. ' After discoverinjg th|^* *strong* 

correspondence between these two d*iver*se domains of knowledge — story 

understanding and'-circuit schematic understanding — we questioned: (1) 

If other -domains, » equally diverse , '"would su4>port ^is dbrrfespqndence 

(and hence we began to examine the process of • understanding 

matJb'emat ical solutions) and ^2) if , these, •comprehensjfcn" skills were 

sufficiently -domain-independent to enable us to find ways to^ teach 

them to technicians using the more intuitiyely understandable domain, 

of, say,^ stories, and th.en 'transferring them, to t|id domain of 

. * *^ . • ' * . . 

electronic troubleshooting (^admittedly a bizarre idea)* ' * 

Just,* as with student t echnfciajis, most of us will find* the^'ja^rgon 

and technical underpinnings of., electronics rather unnatural* 

Therefore, in, the remainder of 'this * section wp shall lapse into 

' . ' " i ' 

technical details^only when absolutely neaessary^ ^^and facus our 

attention primarily oi^ the relatii>nships betyee*i} thi^ domain and story 

und€T*j5tandingi . * ' ' 



Surfao^ ser^^rj^ur e and /^Dee o Structure Trace 

*- .4 In, storj und^r^tandinjg t^e basic eieaeats of the surface 
' /atriicttire were easy^to idejitify s-ittce an element of the surface 
strucftxre* basically ^' line or group of lines in the text. 

5. Identlfy.ing the^ basic elements in the circuit scheiaatic .involved 
' s^gaentlng th^ two-di®ensional diagraa into its prisitive functional 
, constituents (-e^g,, a transistor with ,its biasing network).. Sometimes 
this sejgajBintatrion is explicitly indicated wifJii functional , block 
xli^dgraairj-'sTip^riiiposed on top of the schesatlc. 
^ A /.circuits* deep structure trace, 'which the -result of the 
-luud^r Stan ding process* captures the underlying^ teleology or causal 
a^ecjianisss, of the circuit. 'It should contain the information 
iieces^*^y, to explain how th'fe circuit workSu^nd, why it' works as it 
Xoes, with each component of the scheaaf|jf (or constituent of the 
surface structure) playing some role in the ^purposeful design of the 
circuit. Initially, , one would expect the deep structure trace of a 
fable, for .example, . to have little in coaaon with fhat of aa 
electronic* device. Howeyer, such is not the case. One of the key 
copcejptual processes used in "reading between the lines* of a storjT 
consists of the ^kiliful application of. social attribution theory^ — a 
^ theory of social plan^, actives, indentions — for providing the grist 
for filling in the plot of the story. 

We have begun to appreciate that scheaatic understanding has its 
^wa attribution theory.' The mental glue used for cementing the 
constituents of k cirpjiit schematic are the designer's jjl^ns.* 
Constructing^ understanding of.a circuit schematic requires one to 
realize 'a sequence of plans and sub^plans where fulfilling each piece 
of a higher-order plan generates a sub-plan* Therefore; understanding 
a novel sCheaatic involves recapitulating^, to a limited degree, the 
problfea-solvin^ activity that hypothetically went into designing it. 
Each function block , or component biBCoaes associated with -a piece ^of a 
^ plan ^which, in .turn, is a pi^e of a higher-order plan, continuing up 
\^t^e planning tree un>W-r\a top-level , plan is reached. This plan 
accounts for all of tlje* cdmponents in the'^circuit — much like the moral 
explicates the Table. Understahding schematics, therefore, requires 
- access to both the plarm^ng knoi^dge . and the problea-solving 
• strategies that expand and refine these plans, just ks un^rstanding 



. stories requires access tp,'^f6r exaaple, what is invblved in a COH; 
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/ In the last s^v^ral years there has been a flurry of activity in 
^ the,' ddscovei:y, the representation and use of Plans in circuit design^ 
' circjiit understanding, and teaching (A. Brown (76), Susssan (73), 
i>eKl'eef ^ (77), Bich and Shrobe (76), Goldstein (74,76), J,S'. Brown 
{76)) ♦ A detailed discussion cTf this knowledge is beyond this paper, 
but to glyc the r^der soae ^dea of its scope, we will illustrate so^e 
of the planning" knowledge underlying one^ class of circuits — ^ 
regulated power supplies. For our purpose here, this planning 
knowledge is aeant^ only to facilitate undrer standing circuitTs-, as 
^oppos*ed^r^o designing thea fros scratch, and therefore there is* little' 
need for extensive aatheaat ical detail. What is move 'isportant here 
are those aspects Of the planning knowledge that provide guidance in 
uncovering which particular plao underlies a" given circuit (such as 
the knowledge about a COH that heip^'us r^cogjiize a variant of a COH 
as opposed to perforaing a COH),, / * 

An active regulated power supply is most* likely to be 

It * 

constructed froa one of^three Top-Level Plans Xj^es:^ 

1. Series-^Reguiated-^Plan 

2. Shunt Regulated Plan 

3: Switching Regulated Plan ' ^ 

^ Ea*cb one specifies a connetcted set of circuit plan «eleaents*j 
Jrecursively each eleaent can be c(^©tructed . f'roa one of a set of 
sub-plan fypeS. , * 

In Figure 3a we present a diagraa of the 'S^ of connected 
elements* in ^be Series-Regulated Plan. The top^evel plan is, by 
definition; abstract. It specifies the top-level functional eleaentSi 
theirl interrelationships, and the Various constraints . that each 
♦ element must aeet relative to the' design goals *of^ the top-level plan.. 
. Since there are aany ways to realize eacfi of these eleaents, the plan 
at this level. of abstraction covers a large variety of 
eeries-regulated pow^r supplies. An actual circuit appears only when 
•eacb of the top-level functional eleaents is expanded according to a 
repertoire of lower level plans for realizing that eleaent (see Figure 

' 3b). ^ ' ' 

-i^lans at any level of abstraction ar,e aulti-^ faceted 
specifications eabodying several other kinds of knowledge* These can 
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Variouf posilble expansions for each of the functional elements of the top level plan« 
O^y t^e circuit fona is sbmm here; the annotations fre omitted fqr siiaplicity. 
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Stereotype Form: 



iiput/Output: 



Viewpoints: 



, Kecbgtiition 'Feature^ 
(for parsiui^ a schematic) ; 

Coiamentary: 

Typical Faults and their 
Manifestations : 



Knowledge' and metaphors 
for Under^taniing the • 
Teleolo^'of the Plan: 



Boundary Conditions: 



* Tel^logy: 



IN OUT ' 

' ■ * 1 • \ . • . :• ' 

CONTROL* 

The -currdnt through the in-out line changes as 
function of the control inRut. 

1. May.be seen'^as electronically controlled j?ariable 
resdLstance forming*, together with the load, a 
voltage divider across the power, source. • 
21 By Including the load resistance, may be seen ^ 
an saitter follower as shoWn below: ^ 



r 



Transistor is In series with the load in a closed 
path across the power source* There are no other 
signif%ant^ Impedances in this path* 

Transistor must be operating, in its active region* . 
* 

Example: Contfol terminal open would cause the 

• current "referenced in "the lyc behavior" '3lot 

to' be independent of the Control* (Note that the 
global symptoms of die fault are then determined, 
by "lifting" the altered I/O;^^behavior up through the 
teleology of the higher-^rder plans^) . 

The regulating element has an input driven by the , 
power source and an output delivering curreiit to 
the load. The control input mediates power *£low 
8is£llar to how a* valve mediates flow in a pipe* < 

Surrounding circuits cuist provide sufficient cui^^ent 
to 'control input and maintain envLtter base junction 
forward-biased and collector base junction reverse- 
biased.'^ There is a lower bound pn output current below 
which the element ceases to operate. 

[Basically none since this plan has only one component — 
> unless discuss the junctions in the 'transistor*] ^ 
Ordinarily, tefeology wouid describe how the elements of 

• the plan function together so as to achieve the "I/O 
behavior". For example, in the plan ^scheme of the 
Series7Regulated Plan the teleology would specify, how ^ 
the elenents futtetion together as a feedback control 
system to ackleve thg^ goals of the "I/O" slot whereas 
the ."Knowledge to Understand* .." slot contains the 

v> conceptual knowledge about feedback* 
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Fig* 4* A slmplifi^'e:<;ample i>f the kinds of knowledg^e in the Regulating 
(sub) Plan Schema of the Regulating Element contained in the Series- 
Regnlated Plan. 



brought together^ to form a plgp ^Qhema^ r*''*Thg kinds of knowledge in 
a'plstS' schema are illustrated in "a sub-plan schema for the !^re^ulatiag 
el^ement" /d£ the Series-Regulated plan 'shown in Figure 4, If othefr, 
alternative realizations of this el^n^ent existed, tlicfn each would 
also h^ve a corresponding plan schema*. .Of courae, these plans miy 
consist of^ functional descriptions that reguix^ a still lower level 
expansion before an actu^l^ series .regulated powef supply become^ fully 
specified. * 

According t2> our^ theory, understanding a circuit schematic 
involves using this planning knowledge to propose a sequence of design^ 
(problem solving*) . steps that will eventually culminate in the given 
schematic.^ This plannifag knowledge, which is so tigitly structured, 
that it could even be viewed as^a planning grammar (2) (much like a 
story ferammay), captures the set of abstract plans ^ and methods that 
could be used to construct (up to some level of detail) any one of a 
potentiall V'^ infinite number of circuits pertaining to some generic 
alass of electronic devices. The c"ffalleAge of understanding a 
particular circuit schematic involves discovering a sequence of plan-s 
(and sub-pl^an^, ad infinitum) that will eventually account for- the 
way that each surface structure fragment becomes an integnal partt of 
the_ overall plan. / . * . ^ 

Without knowing this planning grammar for the generic de^iice 
being examined, the^ process of Ainderstanding a schematic is as 
difficult as understanding a fabl^ from a foreign culture. By knowing 
this planning grammar, ^the understanding process becomes one of 
examiping the schematic in a .bottomrup way, isolatipg fragments of the 
schematic ^nd guessing what part of a lower level plan it might m^atch. 
This bottom-up process constantly ii^teracts With the to*p-down process 
for. conjecturing the nature of the high level plan. T*he process is 
'oonlplete and the circuit understood when the two "meet," accounting 
•for all ,t^e components ^n the'^schematic . ' . 

Hypothesis Format ion and Revision 

, Strategies for facilitating this comprfehensijon process not only 
concern how to apply tlie Higher-order knowledge in the form of plans 

A concept originally used by Goldstein 11975) to formalize basic 
projblem-solving methods as augmented transition networ*ks; 



but^ alsQ how to coordinate and allocate processing resources betwj^n 
top-down hxpothesizing "about a possible global plan and bottom-up 
processing of the data contained in .the schematic • Understandring how ^ 
to coordinate these two appVpachqs is critical, since it is often 
difficult to know haw to interpret a fragment of^ the schematic witJiout, 
th^ advantage of using a conjecture about how to view it vhich finally 
Stems from some, top-level c plan. The person trying J;o understafnd a- 
circuit must often be willing to make eduoate-d guesses^ about how s-ome 
fragment of the circuit might be functioning ±tt termor of some hi^h 
order plan, and jti^en attempt to either verify or reject that guess. 

An gpnderstanding" Scenario - . ^ — ^ 

Ratber than prqvidet a theoretical description "of the hy^othe^is^ 
formation and revision process, we have included below an annotated 
protocol of a subject, having access to the planning. k^owleSge, 
describing his process of understanding a particular voltage regulated' 
power supply. The protoc,al *has been described in a way that 
(hopefully) the casual reader can skim, gVeaning the flavor of the 
process to sufficient depth so as - to be able to perdeive its 
rel^ionship^ to the understanding process fo^r fables, etc. 

pvent 1 . An initial scan is ma4e of the schematic (see Figure 5) 

and immediately the pair of transistors Q3>Q^ T^aps out as an instance . 

the ^Da^lington plan. (The Darlington transistor pair is such a 

common device that it^s not unreasonable for an electronics technician 

to be able to piclc ^ out neaVly instantly.) This leads to the 

conjecture that t6is pair of transistors * is an' instance of a 

^Darlington -schema -^which^ functions as- the Regulating Element in ^he 

Series-ftegulat ed plan for Feedback/Regulat'ed power supplies. 

^ This conjecture follows from two facts: ^the first is that we 
kixow this circuiti is some kind of regulated power supply and 
^ the second is thaft the only top-level plan of tb*e three 
- (i.e. SRP SP S¥P) .which naturally use^ a Darlington- 
sub-pLan as an element is the Series-Regulated Plan (SRP). 
Additional support to't this conj^ecture comes fpom the fact 
that the Darlington pair lies along a *path in ^'-series with 
thr load — a clue sought for in the recognitrion knowledge 
art of the plan schema; as well as satisfying ^the 
constraints imposed by the Series-Regulated 



^ topological 
> : plan.-* 



gvept Continuing 'to scan the schematic, zener -CR4 is detected 

in* series with. the resistor RIO. This grouping satisfies one of tl^e 

" ^" -33- 
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Fig. 5. Circuit Schematic fo2>« regulated gower supply 
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intermediate., level plans for'^a nbn-feedback Constant Voltage Source 

and'is therefore conjectured to be the Voltage ReferencevEleWent under 

.the hypothesize^: Series-Regulated plan, , ' • ^' 

V ; * 4| \ ^ ' / . 

Note how t^he initial hypothesis ^out the top-level *^plan is 
. ^begiBning ,to affect how a low level eleinenx is intjerpreted*'. 

^venjf Next, t he i^a ir of transistors Q8,*Q9 are superficially 

examined ^nd guessed. to be the kernel pf the plan 'for a differential 

^ItpliTier/ ' ' _ ' - * . f \ .^^^^^ ^ 

W * This, low level conjecture seems reasonable since the- 

Series-Regulated plan calls for a Comparing.^Element which 
' can be realized by a Differential Amplifier plan.;, 

Event'^4 . Believing this, the bank of resistor-s R16,R17^R18 Is 

guessed to be an insbance af ^ Vol^tage Divider plan which serves as 

the Sampliiig-Element 1b vthe Series-Regulated plan. *. * ^, 

This agaiB seems reasonable except for the fine-Voltage 
control which is not expected, as a component in the 
Sampling-E>ement • But this obieetlon to' a ^piece of 
contradictory evidence is temporally Ignored, flerhaps 
• because there is a coarse vi>ltage adjusting element which is 
not connected to the fine control in an obvious way (i.e., 
no known plan- schemas, account for thi?) . 

Event 5 ,^ At this point all active coi^nents (e.g., tr5fcsistors, 
diodes) .have been accounted for in the schematic eatcept for zener CR5 
and transistors Q6,Q7. Hence, there could- be something ami^s.^ There 
is' only one element the' Series-RSgulatar ♦plan^ that is still 

unfulfilled, namely the Control Wwent and since transistors ft6 .an<i, 
QT don't appear to be topologically close, it seems doubtful that they 
•caB be 'made' to* instantiate any of. the potential cTonfrol E'l^ment 

plans. ^ ' ' ^ 

• Hofee the*use of heuristic knowledge about toporogy to .accrue 
more evidence that Something might be wrong with the current 
-deep structure *trace-hypotbesis^ . * , 

' . . ' ' ' ' • , . v . . 

- , * i*. V V - 

• ^vent 6 > This causes a re-examination of wbaf;,^>^6 been accounts 

' ' ^" - * ^ 
for thus ^ar by th^l,cur^rent , hypothesis (which- is^ a prelude to a 

hypothei;ls ' revision steV) ♦ , IX seems that ititerpreting CR4^1^ ''as tlie 

Voltage' ]^]feference Element cannot possiWy be correct sinpe it doe.snU 

feed intp 'the ^Comparing Element as dictated *by the top-level 

Series-Regulated .plaB. Further examination , ^reveals an even mJre 

;fmportant .claqh: under, the above inte^rpret^tidn, one side *af the 

-^JifXerVntial Amplifier plan has no input ^and the other side has two 



./Enough evidence has certainly been accrued to call for a 
revision of the 6urre;it hypothesis but . should the vhole 
hypothesis be abandoned and if , not} « what/ parts of it can be 
saved and the remainder* ijit^iigently revised? ' * 



^yeht 7,. Feeling confident that the conj-ec^ture abbut the role of 

♦* » 

^Qo^ (he feels he can save this part), Q9 is correct, a decision is 

*fflade .to ^r^c'onsider the two inputs of the poapa'ring Element* {tfote 

jthat he .determines wl^ere the. twa* inputs should be -from the 

Differential Amplifiei^- Ji^an,) There is little doubt* that the (low 

level conjecture about instantiating the Sampling Element with 

. R16,B17,R18 ' isr correct sinc^ ^this sJt£ing of resistoPs' is such a u?ual 

realiisation of that element. / ^ ' 

gvept 8 > A match 16 ^attempted of the * unrecognized / active 

devices - ^opologicaliy connected ^ to Q8* In fact, CR5,Q7 ^trivially. 

•matches a^ low-level plaia for constan^^ voltage sources whiclr , only 

leaves Q6,CR4 unexplained • ^ *^ ^ > 

This process ^combi^B l50th a bottofii-up <ra^k>^riven grouping 
• with a local top^ow^hypothesis expectation^/- ^ ~ - 

JSXSflS—i- .Hopefully, these* remaining devices' will satisfy one of 

the Control Element plans. Since the hvpot^esiged output of the' 

Differential Amplifier is. directly connected to the iYiput of the 

Regulating Element, that rules put viewing the Cotr|:rol . Element as a 

^^*Matcher (one of the possibly plans f^r the Control Element) r HenOe 

'.this leads to viewing it as a' Cgnstant Current Soulncn^ {i«e. the other 

known plan --far the Control Element), s 

It this doesn't work tfxen another major revision i's called 
for.^ But now after be ' .concentrated all his f processing 
resources on this goal, it becomes clear liow to match these 
r-v^renlaining. components to dhe of several possible plans for a 
^ ' . t^^stant Current Sotirce. 

^ ^ Event 10 . Hov all the active components have * Ijeen grouped 

together and^ ^nsistently interpreted as elements In sub«^plans within 

th^3ontext of the overall, SCries-^Regulator plan. 

The resulting deep str^cturS trace/hvpothesis can now tie 
together all the knowledge associated with each Plan schema 
yielding a teleologicaa model (structured by the top-lev^l- 

P'* * ldn)'or how the circuit works and how to trouoleshoot it*' 
or example now that devices (CR5fQ7) have been successfully 
accounted for as instantiating one of the Constant Current 
Source plans, the role or purpose of CR5 can be dcrtermined 
froj^ additional knowledge in the given plan. , 



, This scenario captures .the essence of . ho*^ one person ma^e sense 
of ±: *no^el schematic^ ' It do^s not ''describe very much of the 
probLea-solving effort that went into fulfilling €>ch plan in terfis of 
Satisfying- any-: — constraints requijred by the laws of .electronics*^ 

.Bather it focussed on satisfying topological constraints • diQtated . by 
/ the plans themaelves* In part, this was to show how this higher-order 

• planning knowledge can, in. fact^ "be useful to technicians jwho don^t^ 
have the electronic' theory needed by circuit designers) and,- in 
part, it was to show that the problem solving required to handle these , 
issues goes beyond aur aefins-ends .analysis scheme and involves a 

^ c<^J,ection of more sophisticated problem solving strategies^ 

In concluding- this sectidn, it might be of interest to note that 
the above-mentioned ^ understanding proems involving a hypothetical 
recapitulation of a sequence, of design/plan steps has Jbeen used as the 
primary explanatory methodology for teaching student technicians why a 
given niece of equipment works, i.^., what its underlying teleological - 
model is (Brown et al., 1^76). In this scenario, we first present -a 
^simplified model/design v of the circuit , 'e:*aiaine why this simplified 
circuit fails to perform-satisractorily, and then examine how tha^t 
failure might be patched or modified and so on u]^^l this hypothetical * 
sequence of design patches finally yi^elds the^iven circuit*(3) ^In 
this way, the student understands what each component's i^ole is, 
either in terms of its role in the simplifie'd circuit model, *8r as ^ 

'* # 

p.^tlch around some understood shortcoming of that model. 



* ** 



. , ^ ij) A pedagogical idea inspired l^y Sussmai^fs research Tn electronics 
(A* Brown S Sussman, 197^). * ' " ^, ^ ^ - 



'-SnfiHARY O P THEOBETTC AL COHCRPTS IH- COMHeW QVER THg THREE DOMAINS 



w .^Injtjjre la>t* three sections we Bave examined w^at kinds of" 
knoWled^ an<? strategies are used in the understanding process over, 
three diverse domains. Although each domain has its own idiosyncratic 
arid- domain specific knowledge, there is* a fal^ amount of inV'irianoe' 
over the domains, thls^ section we sujtaarise the underlying 

conqepts in- this theory of '•underffT^nding,," ^ » - \. - . " 

/ . 'The sy^f^ce 3truct;pi?e trace is an information structure that 
spe3:ds out what actually 'liappens in the story, solution path, etc* It 



is a Wquence' of the^eported or described elements of the behavior to 
he ^ understood. Since -one can never describe everything about a 
'beliavi^, there will always .be gaps in the* information that^ the 
surface- strOcture trace provides; one of . tlie measures of how 
thoroughly the behavior ha.s been understood will be * the ability *^to 
*fill in these gaps* ^ - . ^ " 

-The deep' structure trace is an information structure that^ spells 
^out^the decisions .1?hat Were made and that resulted in tti^e particular 
'behavior. It is. composed recui*sively out of: , 

* fiaaia--clesired situations, usually desci*ibed in the s^ame terms as 
the b^avior. A goal always occurs in a deep structure- trac6 in 
oontraslf^ with another actual situation. This contract is 



% factbrfi(f® into .differences that " the decision maker hopes to 
' jreduce^]^Hance, th^ deep .structure trace also containst*^* 
p ej t 8 — Reducible difference^ categories. The 4*eason * a 
diff^f^ce^ is Abstracted as a category and -given a, <^teltact name 
is 'that^lfehe under stander knows some: . ■ * ^ ' _ • 

^^thp^J> ^^how^ various things may be achrevedj the ^eans to an^^end. 
Methods are attached to one, or more •Deltacts, v*To get- les* 
hungry [del tact] try eat^ni ^[method]'. Me^ods are where tfie 
^ recur^Sion comg^in. A method may 'consist of \ reducing certain 
differences or -adopting certain dther.. goals, as well as sbme 
f^lly ^ecified behavior. By having methods that use goals and. 
.\ r derta^t^^a .^ide range of poSsibl^ behaviorsk may be regarded_as 
pursujI^HF particular method** 

The deep structure *race . is an. exjftanation of the surface 
^ struoture . trace; one^ of the measures of how thoroug|ily it has been 



und^rstooKi vill the plausibility and completeness of this 

expZa^at,ioxi • * It i^ an inforaation * structure", and the 4>rocesses th^t 



itro4rxoe-Xt -aay be quite differept in form from the problem solviiig^ 

- - . - • • ' 

-process it ^trac^. We believe that understanding proceeds by 

assembllni^ln^otheses about the two traces of behavior aiid'df probrem 

solving. ^ 

¥e use the term ae^an^^ends analv&is target, structure for a 
familiar pattern of de^p'^structure trace elements used in building up %^ 
bypotbeses* "Heans-ends analysis" describes the purposive aspect of ^ 
the deep^ strxicture trace. The target structure guides tlre^ 
construction of the deep structure tira'ce, filling in for cei?taim 
parts pf the patterji with known "behavior from^ ^the 'surface structure 
trace or with other (presumably confiraed) hypotbeses\ (The 'part^that 
is/ filled in is called a "slot.**) Thus, tbe means-ends |nalysis 
\ target structure yields a t^asig/ h vnfttJnARift^|^Qtit the deep' structure 
trace *hat may be revised in light of oth^r details. * " ^ 

' When revising a hypothesized deep_ structure trace, there are^ ,0 
constraints on what aay be changed, and on what must be changed, in 
addition to deciding which Jcind of-^change should be aade. We will use 
the term planning kno<;rl edge^ for the rules that specify how deep- 
structure trace elements aay be combined. The planning knowledge 
defines the target structure* for^ O) understanding 'the biBhavior as 
a unified whole;. (2) thi; plausibility of\he deep structure trace; and^ 
^3)' the habits as to which combinations to try and which basic 
» •hypotheses to^suggest. - ^ ^ * . _ 

The^ understander aust have *a feel' for the problem solving ^ 
processes that will explain or generate ttie behavior ^that i^ be^ust 
' know those processes involved in finding possible "solutions in order 
to solve the problem by biaseff . In effect the understander is being 
asked to^»catch* up'' witJi ' the plans and motives 'underlying some 
> behaxior that has* already happened. Thus he must have a mastery of 
the bvpotheais foraation^ processes that 'are available* These are his 
* tools - for getting from behavior to explg^^tion. .They enVble bia to 
know tbe range of other possible bebav4.ors and plans? -to fill in 
choices in ^ the deep structure trace thdt appear to have been glossed ^ 
over; to understand and profit frcm conventiQi^s o^* restrictions " in 
the planful behavior for a given domain f to select aajor deep 



struettire eleaents to dosinate the .hypo thesis j and 'to., incorBorate 
Into a hypothesis < either by substitution, or by coapcsition) , 
etc.* *" - ' ' ' ■ . . . " 

^ _ ' • < - • % ' 

Since these hypothesis^ foraation tools incoaplete ""vand 

- ^ ^ ^ — - - _ . e ^ X 

iaperfect (ta say nothiatg^of the. inforsation they aay be ^ivcn to work 
^n\% it is eqtxallyTsrpoJ^tant that the understandHi have a aastery 6f 
the_ hypothesis gelectjlon pr^tfess, since there will always *be 
inconsistent, altern^-tive hypothese^l to "choose from. Soae of tte 
devices and driteria for aaking such a" choie^e arje: 0> the integrity, 
wholeness, or appi^^priateness of a plan; (2) its fo'raal plausibility; 
(3) its' consistency with the situations contrasted in the various goal 
elements; (4) the ease with, which the planning knowledge tgraaaar) 
can splice it into larger, accepted structures; (5) the presence of 
confirming behavior for a plan; (6) predictions ind consequences for 
further behavior; and (7) whether or not two hypothesis eleaents can 
he . intercl^nged or coabi^ed. ^ ^ _ I 

An incorrect hypothesis ^an be salvaged: It aay have been aXaost 
right, or the detailed understanding of aostr of its evidence aay^ 
been correct. For this reason, we have introduced the notion bf 
rfevising the hypothesis to. conform to the ^ evidence • Revising ^,a 
hypothesis consists of focussing criticism and responding * with 
proposed iaproveaents. ^ 

The hypothesis foraation and elaboration process is doainated in 
a «top-down" way by a target structure or Mal§JL> such as^is given by 
means-ends- analysis,' the planning knowledge, the hypothesis 
manipulation- procedures, and th^ basic deductive strategies taken 
together. Th^ hypothesis proposal, conf iraatipn, and revision 
orocesses are necesdartly driven onward by thtf actual evidence 
available — ^tbe eXeeents of the two kind« of trace — in a «bottOB-up» 
way, for the fundamental direction of information flow ^ is froa 
behavior narrative to coaplete explanation. These two, one pulling, 
one pushing, strike a .balance in" the understanding of purposive 
behavior that^we call top^dovn/bottoa^up processing. 

Herein lies the beauty of- the aodel notion and , i€s potential 
relevance to learning strategies: Without ^uessing^ in advance what 
the eventual explanation is going to be, thp understander can use 
each pew piece of evidence to drive his deduction forward while usiag 



the largely integ^ional target structure provided by the model to^ 
rociis hia effofts toward the most viable explanation. Given the right 
distribution of, knowledge between tbe representational fraaework and 
the . principal target 'structure representation, the, basic strategies 
can be expressed in a dosain^-independent way. 



/ 



/ 



/F01^WULATTQH5 A>tg DBr.ivgl^Y OP SOME NEV LEABWIHG/ STBATEGIES 



Thns far we ,nave exatt^ned the understanding/ pjia6e§^ over three 

. / ^ ^ / " " 

di7<erse dcBalnd, d&Bcribing *tfae processes, ^tratlegiies and conceptual 

- - ^ - ■ 7 ' « ' r * J 

structures for each, and the invarlances over these doaains. Within 

Bach dosain we ' have focussed on the Qora*^spOf dence between* _the 



the largely tacit 
each dosain, ^^j,-^^ 
beharior 



knowledge ^ needed for problem solving and* the cnowledge needed for 
understanding* ^ /^Withput explicit awareness of 
planhing and * itrategic , knowledge inherent in 
difficult for a, person to ^aake sense of» aiany aeq^iences of 
' as * described bjr a story, a set of instructions, a [prpbles s61ution, a 
ooBplex systea, etc. ,0ur preaise was that before ope coul^d begin to 
foraulate, new learning strategies for enhancing a Wtudent^s abilities 
to acquire an understanding of sose new piece of . knowledge Ca's opposed 
to Just iiflLtely aeaorizing it), these processes' ahdl tacit knowledge 
had to be aade sore explicit. Having partially ^ecoaplished thiisf, the 
question naturally arises as to what iap^i^t this .has on the 
foraulation and teaching of learning strategies. He .suggest i;hat the 
a4^ve ♦ theory be used • to- iaake as explicit as possible bow 
"understanding*- is an activ.e process reqjuiring the . underst^nder to 
^ synthesize, verify, and refine a deep structure tr^ce or hypothesis 
"^about the underlying actives^ plans, an^ intentions that fit each, 
"r^^ separate piece of the "puzzle* into a coherent 'structure. Teaching 
this proeess can probably best be accomplished by focussing on the 
doaain of knyledge the student is ;tj5 specialize in* The teacher 
- should articulate for that doaain thel higber-order planning knowledge 
and the strategic knowledge for fo'rauiating and revising hypotheses 
about what soaething ae^ns. By carefully choosing a set of situations 
- for the student to (understand, each strategic rule can be 
instantiated, providing hia with pract^ice in the coordination of the 
top-down, bottOB-up hypothesis foraation and revision process. Soae 
situations aight be devised to* be inherently "garden path" where the 
^ ,student^5. Bost likely'^first guesS of the under4^ing aeaning is Spt to 
be wrong,, requiring hia to .focus' on 'how he deters that his guess is 
wrong and^ how .he then intelligently goes about' revising it* 

Sincfe this*. hypothesis ^oraation/revision process is -so coaplex, 
it aight be useful to const^uct a hypothetical understander in a fila 

, • 48-''2- • , " . M . 
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anxaation't who ;shows tl^su-prooess in an expert •s head (in slow action) 
as \he goes about understanding soae novel situation. At £b.e 7e*ry 
least,| this ^will suggest t>o the student that understanding is not a^ 
siaple^$frocess^ but rather a coaplBX and very .active one* ^ 

After a student has begtm to aaster strategies for constructing 
^and revising deep structure traces over the given knowledge doaain, 
is atteutioa could be drawn to this saae process as it applies to 



Btoiry eoaprehension . In this way, He could begin to witness the 
generality of wb.at he has been taught, espeoialiy since, the planning 
knowlj&dge needed In story cosprehension is usually well <^nderstood 
(albeit Itacitly) , as are the rudiilentary strategies at^ processes qt 
weaving together 'the lines of a story into a coherent explanatory 
structuf^. 

There is one new ^kind of instruct ion al,^, ^.^chnology -we * are 
developing 'that sight provide^ a uniqu^/capability for exposing 
students to the underlying probLea-soivlng strategies and knowledge 
for a doaain in a way. that is apt to be entiQing and .a^ningful . 
Recently we have been designing an ^Articulate Expert*^ instructional 
coaput/er systea that .explicitly contains all of the planning 
knowledge, basic knowledge, aeans-ends problea^-solving strategies, as 
well/^s a liaited class of hypothesis revision (debugging) strategies 
necessary for solving on its own a wide \class of student-generated 
probleas. The expert *s articulateness is ^specially significant: not 
only can it solve a problea, but it iSan also explaia (at various 
levels of detail) whv it perforaed each step. It can explain its 
•oVerall plan of attack, how it formulated that plan, and why it did 
not do it soBB other way. 

In other words, the student can pose a problea to 'this^ systea and 
wi^tness all the inner thinking, aistakes aiid false atteapts that an 
exjpert aakes, thereby exposi*ng the student.^ to strategies and knowledge 
sources that are hidden by looking only at' thfe final solution to a 
problea. We\believe that by letting the student pose his own probleas 
to the Articulate Expert and having hia witness the unfolding of the 
plans of a .pr^oble'a solver^, he is Qn hijs .way^ to appreciating what he 
aust fill in When he tries to aake sense of a problep£^^lution^ 
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